ISR. Optimizing quality and safety of dental materials. Eur J Oral Sci 2018; 126(Suppl. 1): 102-105. © 2018 Eur J Oral Sci This paper discusses aspects of quality and safety improvement of the most commonly used dental restorative materials, the resin-based composites. From a patient's perspective, long-lasting resin-based restorations without complications are important. Recurrent caries and fracture are the most common causes for restoration failures. Proper handling and curing of the composites improve the mechanical properties of the restorations and increase safety by reducing exposure to residual methacrylate monomers. A number of compounds have been introduced in restorative materials to reduce the risk of recurrent caries, even though a real breakthrough has not yet been achieved. It is concluded that simple measures may improve the quality and safety of resin-based composite restorations.
The concepts of quality and safety have no uniform or precise definitions even though people usually have an understanding of the terms, which is often based on the settings in which they are used. Understandings of quality include conforming to requirements, being fit for use or purpose, being free from defects, and possessing characteristics that satisfy a need. Safety may imply that there is no conceivable harm, no detectable harm, or an acceptable risk of harm.
In the context of this review, a specific definition is given to both quality and safety based on the fact that these two aspects of dental materials should be optimized. In addition, because dentists use close to 60% of their working hours on placing restorations, mainly resin-based composites, the discussion regarding improved quality and safety will be limited to resinbased composites (1) .
Optimizing quality of resin-based composite restorations
For the patient, a main concern is the longevity of the restoration that has been placed. A number of reviews have addressed the longevity and reasons for failure of resin-based composite restorations (2-4). Annual failure rates vary between 0.2% and 3% and the main reasons for failure are fractures of the restoration and recurrent caries. The number of failed restorations was found to increase with age of the restoration and the increase was mainly because of recurrent caries (3) . In a practice-based study, the survival time of Class II restorations was determined and factors relevant to their longevity were identified (5). For resin-based restorations, recurrent caries was the most common reason for replacement (73.9%), and one brand of resin composite had a shorter survival time than the others (5). To find possible explanations for this finding, the authors evaluated laboratory studies including the materials used at the time of placement (2001) (2002) (2003) (2004) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . These studies evaluated flexural strength, flexural modulus, degree of conversion, and water sorption of dental composites, including the four used in the study carried out by KOPPERUD et al. (5) . No evident laboratory parameter could explain the clinical observation, and improving physical properties did not seem to be a solution.
On the other hand, preventing recurrent caries is important for improving the longevity of composite restorations. Strategies to overcome recurrent caries include oral hygiene, dietary measures, proper handling, improved curing of resin-based materials, and adding antibacterial properties to the restoration. In the present context, oral hygiene and dietary measures will not be discussed.
Handling and curing of resin-based materials
For regular composites, the multilayer technique improves the dentin adaptation (17) . In 10-mm-deep cavities, three layers are recommended. Thin layers reduce polymerization shrinkage and improve the rate of conversion (18) . For materials complying with the international standard for composites (19) , the manufacturers must declare the depth of cure in the instructions for use. In the test method used to verify the curing depth, the distance between the light tip of the curing lamp and the restorative material is set to 0 mm. However, in clinical settings, this close distance normally cannot be achieved because of the cavity depth, interfering cusps, and matrix band (Fig. 1) . The light irradiance is dependent on the distance between the light source (tip) and the object to be irradiated. Increasing the distance from 0 mm to 8 mm will reduce the irradiance by approximately 50% (20) . In the case of material properties, reduced irradiance results in reduced degree of conversion and microhardness (20, 21) (Fig. 2) . To overcome the reduction in such properties, it has been suggested that the duration of irradiance should be increased from 20 to 40 s (20) .
Antibacterial properties of restorations
The accumulation of oral biofilm and plaque at the tooth-restoration interface contributes significantly to the failure of resin-based composite restorations because of the development of recurrent caries (22) . As a mean to reduce or eliminate the amount of acidogenic bacteria, restorative materials, such as composites, adhesives, and glass-ionomer cements, have been functionalized to inhibit biofilm adhesion, discourage biofilm growth, modify biofilm metabolism, and adjust the microbial ecosystem (23) .
Both leaching and non-leaching antibacterial agents have been incorporated in restorative materials; chlorhexidine (CHX) and silver (Ag) have been most extensively investigated as leaching agents (24) (25) (26) (27) . The antimicrobial effect of CHX against cariogenic bacteria is linked to this compound's ability to act on the outer membrane of the cell, causing leakage of intracellular components and thereby death (28) . The antimicrobial effect of Ag is well known and may be a result of inactivation of enzymes essential for DNA replication (29) . Resins containing nanoparticles of silver (NAg) reduce biofilm growth as a result of their small size and high surface area (24) . The limitation is that the effect is only short term; it diminishes as the agents leach into the oral cavity. As a result, materials have been prepared with antibacterial agents that allow crosslinking with the resin-based polymer network to ensure a long-term effect. A range of quaternary ammonium methacrylates (QAM) have been developed for this purpose. When the negatively charged surface of the bacteria comes into contact with the positively charged ammonium group of these compounds, the electrical balance of the cell membrane may be disrupted and, in turn, result in cytoplasmic leakage (30) . 1-[12-(Methacryloyloxy)dodecyl] pyridinium bromide (MDPB), developed by IMAZATO, is the only QAM found in a commercially available adhesive (Clearfil SE Protect; Kuraray Noritake Dental Inc, Okayama, Japan) (31) . Although a long-term effect is assumed, to the best of our knowledge no long-term biofilm studies (>1 yr) have been reported. Enzymes in saliva may degrade the resins, causing QAM compounds to be released over time (32) .
It is important to consider carefully the effect of the added agents on the mechanical, physical, and esthetic properties of the materials (33) . The addition of CHX to glass-ionomer cement is known to reduce the mechanical properties and bond strength of the material (34) . A recent study also showed that incorporation of QAMs into composites had a negative effect on the water sorption/solubility, hygroscopic expansion, Knoop hardness and elastic modulus of the materials after storage in water (35) .
Despite the design of a range of antibacterial dental materials and observed antibacterial effects in vitro, recent reviews conclude that there is insufficient clinical evidence to support the effectiveness of antibacterial dental materials against recurrent caries in patients (36, 37) . Furthermore, the problem of microbial resistance against antimicrobial agents is increasing, and this is no Quality and safety of dental materials different in the case of QAMs (38, 39) . This suggests that the use of antimicrobial agents should be limited (40) .
Optimizing safety of resin-based composites
Most resin-based dental composites contain methacrylate monomers that are polymerized in situ. Commonly used monomers, such as bisphenol A-glycidyl methacrylate (bis-GMA), urethane dimethacrylate (UDMA) and triethylene glycoldimethacrylate (TEGDMA) all have two reactive sites. The process by which reactive monomers unite without forming any other products is called addition polymerization. The reaction is never complete in that all reactive sites are never incorporated into the polymer matrix. The degree of conversion represents the percentage of reactive sites involved in polymerization, and this varies between 36% and 82% in different studies (41) (42) (43) . Residual monomers are monomers in which both reactive sites escape from the polymerization and the monomers are therefore free to leach out of the restoration after placement, thus having the potential to cause adverse effects (Fig. 2) . Dental composites may contain 5-18 wt% residual monomers in the organic matrix (44) . The residual monomers leach out of the material over time. A recent meta-analysis on a large number of published in vitro data documented this release (45) . Most studies have evaluated short-term release (24 h) only. However, in one study (46) , leaching from composites was observed for up to 1 year of storage in ethanol, although this must be regarded as polymer breakdown rather than release of residual monomer. Monomers were found in saliva samples 10 min after placement of restorations but were not detected in samples after 24 h (47).
Several methacrylate monomers, including 2-hydroxyethyl methacrylate (HEMA), are known sensitizers (48, 49) . Although there is a lack of clinical evidence for adverse effects other than sensitization, toxicity of methacrylates in vitro is well documented (50, 51) . Glutathione (GSH) depletion, increased oxidative stress [formation of reactive oxygen species (ROS)], cell growth disturbances, genotoxicity, and apoptotic and necrotic cell death are among the findings reported in cell cultures exposed to methacrylate (52) (53) (54) (55) (56) (57) .
Reduced exposure is the main safety issue. Safety is thus improved by increasing the degree of conversion, thereby reducing the amount of residual monomers. Improved light-curing procedures and proper handling of materials are simple ways of achieving this.
Conclusions
Optimizing quality and safety of resin-based materials need coherent strategies. Proper handling and polymerization increase the rate of conversion and thus minimize the content of residual monomers. Measures to reduce biofilm accumulation at the tooth-restoration interface could prevent or reduce the most common reason for restoration failure, recurrent caries.
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